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Ch . Abstract 

■ We show that the magnetic moments of the octet baryons can be fitted to an 

, accuracy of 1.5 % by a phenomenological Lagrangian in which SU{3) breaking cor- 

[ rections appear only linearly. This is in contrast to conventional chiral perturbation 

^f) • theory in which corrections non-analytic in SU{3) breaking dominate and tend to spoil 

. the agreement with the data. Motivated by this observation, we propose a modified 

jy-^ I scheme for chiral perturbation theory that gives rise to a similar linear breaking of 

(N ■ SU{3) symmetry. (Pacs 13.40.Em, 14.20.-c, ll.30.Rd) (|hep-ph/960225lD 

<N : 

^ ■ The magnetic moments of the octet baryons were found to obey approximate SU{3) 

Q\ • symmetry a long time ago by Coleman and Glashow [jl|. In the SU{3) symmetric limit, 
^ . the nine observable moments (including the transitional moment between S° and A) can be 
Q-i! parameterized in terms of two parameters, and as a result obey approximate relationships. 
Qh! As we will show later, the two parameter result of Coleman and Glashow can in fact fit 
the observed magnetic moments up to about the 20% level. However, since at present 
the moments have been measured with an accuracy of better than 1% 0, an improved 
theoretical understanding is clearly desirable. It is the goal of this paper to show how this 
can be achieved easily phenomenologically and in a scheme of chiral perturbation theory. 
5^ \ Many attempts were made trying to improve the numerical predictions of Coleman and 

Glashow by including the SU{3) breaking effects using chiral perturbation theory (ChPT) 
1^, ^, ^, ^. However, many of these efforts resulted in numerical fits worse than the leading 
order SU{3) invariant one by Coleman and Glashow. For example, Caldi and Pagels |@ 
found that the leading SU{3) breaking corrections, in their scheme for ChPT, appear in 
the non-analytic forms of ^/rn^ and mslnrng. They showed that the ^/rn^ corrections are 
in fact at least as large as the SU{3) invariant zeroth order terms, which casts doubt on 
the applicability of ChPT. Caldi and Pagels suggested that this "failure" of ChPT might be 
attributed to the large mass of kaon in the loops and the fact that the leading correction is of 
non-analytic form. Such non-analytic contributions were indeed pointed out earlier by Li and 
Pagels and others |@], however, the non-analyticity appears only in the SU{3) invariant 
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chiral symmetry breaking mass, not in SU{3) breaking parameters. More recently, similar 
large corrections to the baryon magnetic moments non-analytic in rUg have been found, by 
calculating them up to the one-loop level in ChPT 0, ^, ^ . By only using the ^/m^ terms 
Jenkins et al. could improve the accuracy of the Coleman-Glashow results from 20 % to 
about 10 %. However, this could only be achieved by using in kaon loops a different value 
of the meson decay constant than in pion loops, with the effect that the magnitude of the 
kaon loops is artificially reduced. In addition, Krause |^ showed that tUs In corrections 
are just as important, which disagrees with Refs. p, |[. Also, Krause further argued that 
the non-analytic contributions are not a good approximation of the loop integrals at all. 

In the light of the problems of ChPT in accounting for the magnetic moments, we recon- 
sider in this paper Okubo's extension ||^ of the phenomenological approach of Coleman and 
Glashow for fitting the current accurate magnetic moment data. Motivated by our successful 
numerical results we discuss how ChPT can be formulated to avoid corrections non-analytic 
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Following Ref. [^, we simply assume that the operators which give the leading SU{?>) 
breaking corrections to the magnetic moments have the same chiral transformation property 
as the strange quark mass operator, and demand that the coefficients of these operators 
should be of the order of mg/A^ [rris is strange quark mass, and is chiral symmetry 
breaking scale). 

To zeroth order in m^/A^ and to first order in electromagnetic coupling, the SU{3) 
invariant terms that contribute to the magnetic moment can be written in a simple form as 



6iTr Hd{Q,H} 



Hd[Q,H] 



where the operator O is defined as O 



octet in fiavor-space given by Ref. |10 



^'^ , H is the usual representation for the baryon- 
and Q is the quark charge-matrix 



Q = ^diag(2,-l,-i: 



(2) 



The leading-order results of Coleman and Glashow are based on the above form of the 
electromagnetic interaction. As shown in Table I, with bi and 62 one can already account for 
the observed baryon magnetic moments at about the 20% level. To analyze the magnetic 
moments with the leading (linear) order of SU (3) breaking corrections included, one needs 
to pay attention only to the fiavor structure of the operators. Since the operator O is fiavor 
independent, we will suppress it in the following. 

We will assume, analogously as Okubo that the lowest order SU{3) breaking cor- 
rections are parameterized by baryon operators that have the same chiral transformation 
property as the quark-level strange quark mass operator. The operators in fiavor space that 
are of first (linear) order in SU (3) breaking can be constructed using the matrix mscr, where 
diag(0, 0, 1). They include four single-trace terms 



a 



aiTr[H[[Q, H], a] \ + a2Tr[iy{[Q, H], a} 
+ asTr\H[{Q, H}, a] ] + a^TilHUQ, H}, a} 



(3) 
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and four double-trace terms 



ATr 


HH 


Tr 




+ /32Tr 


'h[q,h] 


Tr 


a 



+ H{Q,H} 



Tr 



Tr 
aH 



a 



h.c, 



(4) 



The term with jSi is diagonal in baryon space, i.e., contributes equally to any baryon magnetic 
moment, but not to the S ^ A transitional moment. Operators associated with (32 and jS^ 
will not change the predictions based on bi and 62, and can be ignored here. The operator 
associated with Re(/34) can, by Cayley's theorem, (see Ref. [1^]) be related to the other 
operators in Eqs. (4) and (5), while the operator associated with lm{/34) is time reversal 
non-invariant and should be negligible in our analysis. Therefore, we only have to include 
«!, a2 as, 04, and Pi in our analysis. 

Similar results can be found in the context of ChPT at tree-level. For example, Eqs. (^-^ 
also appear as counterterms in the chiral Lagrangians of Refs. [§, |^. However, in contrast to 
ChPT in Refs. ^ , in our approach the flavor structure of Eqs. is assumed to remain 

valid to all orders in momentum expansion. 

We fit the eight available magnetic moment data with the seven parameters while requir- 
ing the resulting and /3i to be a factor of order rris/A^ smaller than bi for consistency. 
The resulting magnetic moments of baryons are given in the Table . Note that the sign of 
the transition moment between S° and A is a matter of convention. The average deviations 
of the fitted to the observed moments is 1.5 %, as compared to 20 % for the leading order 
fit. 

At the first sight, a seven parameter fit of eight observables may not sound as much of 
an achievement. However, the fact that the typical values for ctj and the two parameters 
turn out to be smaller than bi by roughly a factor of m^/A^ is quite nontrivial and should be 
consider an evidence that the SU{3) breaking effect should appear linearly in any model for 
magnetic moments of baryons. It is in sharp contrast with the ChPT in Refs. [|, Q which 
yield corrections which are non-analytic in and are of the same size of, or larger than, 
the leading-order {SU{3) invariant) terms. 

In addition, our result also predicts the not yet measured magnetic moment of S° to 
great accuracy. Based upon our fit, we expect /xso//iAr = 0.66 ± 0.03 (where is the 
standard nuclear magneton) compared to 0.54±0.09 from the lattice calculation of Leinweber, 
Woloshyn and Draper |]TT|. The magnetic moment of S° may continue to be difficult to 
measure directly, however, knowing its value accurately can be very useful both theoretically 
and experimentally elsewhere, such as weak radiative decays of hyperons. 



Another outstanding issue [0 in the understanding of magnetic moments is the difference 
between the p and S"^ magnetic moment (which is vanishing in the SU{3) symmetric limit). 
The fact that this difference can be accounted for satisfactorily by our current scheme is 
another support for linear SU{3) breaking that we assumed. 

The assumption that SU (3) is broken linearly leads to the Okubo relations between the 
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magnetic moments 

AtSO-A = (/^SO + 3yUA - 2/1=0 - 2fln) , (5) 

and ^ 

/^so = - (^s+ + /is-) , (6) 

where /iso-A is the transition moment between E° and A. The first relation agrees well with 
experiment, while the second can not be verified yet. 

To put our result in proper perspective, one should be reminded that so far none of 



the existing models, e.g. such as those derived from the quark-model [T^, have been able 
to reproduce the high precision data on the magnetic moments. On the other hand, none 
of the models have employed seven free parameters. For example, while Ref. may not 
have accounted for the magnetic moment data successfully, the paper employs only the two 
SU{3) invariant parameters bi and 62- In their approach the SU{3) breaking is only due to 
the meson masses in the loops. Our result should be taken as a strong indication that we 
need a scheme or model in which the leading SU{3) breaking effects appears as the linear 
correction of order rris/A^. 

In the following we will discuss how one can modify the scheme of a ChPT so that a 
polynomial expansion in is a result. One way to interpret the success of our phenomeno- 
logical analysis is that the non- analytic contributions in rris are actually not present, even in 
the context of ChPT. Such a scheme was already pointed out in the early works on ChPT, 
but it was abandoned in later applications. In the early papers of Li and Pagels |0] and 
Langacker and Pagels the starting point to study deviations from chiral symmetry was 
the chiral symmetry breaking Hamiltonian 

eH = eoHo + tsHs , (7) 

with the Hamiltonian Hq invariant under SU{3) but not under SU{3) x SU{3), and the 
Hamiltonian breaking both SU{3) and SU{3) x SU{3). As the relevant parameters to 
measure the SU{3) x SU{3) and SU{3) breaking 

eo (X M^/AJ (8) 

and 

eg oc (Mi - M^) /Aj (9) 

were proposed P]. Note that the parameter eg is proportional to rris (assuming for simplicity 
that mu,md << rris). These authors showed that infra-red divergences caused by Goldstone 
bosons in the chiral loops will give rise to non-analytic terms in 69. However, they also 
pointed out that an expansion in the SU{3) breaking parameter eg, still remains possible. 

In ChPT this can be realized [|14| by taking a SU{3) invariant infra-red cut-off, denoted 
by M, for the pseudo-scalar mesons in the loops. In this scheme all the octet mesons have 
the propagator 

Sik) = ^ . (10) 
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Effects due to breaking of SU{3) can then be consistently treated perturbatively. When the 
scheme is apphed to the magnetic moments, it means that all the SU{3) breaking effects will 
remain polynomial in eg (or equivalently m^/A^) and the experimentally favored symmetry 
breaking pattern given by Eqs. (0), @ and (H) remains valid to all orders in the loop 
expansion. Because M appears in the denominator of the meson propagators, loop diagrams 
will still give contributions non-analytic in M. However, since loop contributions will have 
the same symmetry structure as those Eqs. (|^), and (^) up to linear order in m^, these 
non- analytic terms can be absorbed in the coefficients bi, ai, (3i. Our phenomenological 
analysis of the magnetic moments will be a natural consequence of this revised scheme of 
ChPT to linear order in m^/A^. 

To conclude, we showed that the experimental data for baryon magnetic moments seem to 
support a scheme of ChPT in which the SU{'i) breaking effect can be written as a polynomial 
expansion in m^. This new scheme clearly differs from the schemes of ChPT used in Refs. |0, 
^, ^ for the baryon magnetic moments. In those approaches both the pion mass and the 
kaon mass are used as the infra-red cut-off for their respective propagators in the loops. 
This necessarily leads to SU{?>) breaking effects different from that in Eqs. and (|) 

and furthermore to terms non-analytic in m^. Since the interaction vertices are expanded 
perturbatively in m^, it is not consistent to use as propagator mass in the loops. In 
addition, our analysis shows that the contributions non-analytic in are not needed to get 
a satisfactory fit with the data. 

This work was supported by the National Science Council of the R.O.C. under Contracts 
Nos. NSC85-2112-M-007-032, NSC85-2112-M-007-029, and NSC85-2112-M-001-026. 

References 

[1] S. Coleman and S. L. Glashow, Phys. Rev. Lett. 6, 423 (1961). 

[2] L. Montanet et ai, Review of Particle Properties Part I, Phys. Rev. D50, 1173 (1994). 
[3] D. G. Caldi and H. Pagels, Phys. Rev. DIO, 3739 (1974). 
[4] A. Krause, Helv. Phys. Acta. 63, 3 (1990). 

[5] E. Jenkins, M. Luke, A. V. Manohar, and M. J. Savage, Phys. Lett. B302, 482 (1993). 
[6] M.A. Luty, J. March-Russell, and M. White, Phys. Rev. D51, 2332 (1995). 
[7] L. F. Li and H. Pagels, Phys. Rev. Lett. 26, 1204 (1971). 

[8] P. Langacker and H. Pagels, Phys. Rev. D8, 4595 (1973); H. Pagels, Phys. Rep. 16, 219 
(1975). 

[9] S. Okubo, Phys. Lett. 4, 14 (1963). 

[10] J. W. Bos, D. Chang, S. C. Lee, Y. C. Lin, and H. H. Shih, Phys. Rev. D51, 6308 
(1995). 



5 



[11] D. B. Leinweber, R. M. Woloshyn, and T. Draper, Phys. Rev. D43, 1659 (1991). 

[12] J. Lach and P. Zenczykowski, Int. J. Mod. Phys. AlO, 3817 (1995). 

[13] H. J. Lipkin, Phys. Rev. D24, 1437 (1974); D. A. Gcffcn and W. J. Wilson, Phys. Rev. 
Lett. 44, 370 (1980); N. Isgur and G. Karl, Phys. Rev. D21, 3175 (1980); G. .E. Brown, 
M. Rho, and V. Vento, Phys. Lett. 97B, 423 (1980); H. J. Lipkin, Nucl. Phys. B214, 
136 (1983); L. Brekke and R. G. Sachs, Phys. Rev. D28, 1178 (1983); J. Franklin, Phys. 
Rev. D30, 1542 (1984); H. J. Lipkin, Nucl. Phys. B241, 477 (1984); C. Wilkenson et ai, 
Phys. Rev. Lett. 58, 855 (1987); L. Brekke and J. L. Rosner, Comments on Nucl. Part. 
Phys. 18, 83 (1988). 

[14] J. W. Bos, D. Chang, S. C. Lee, Y. C. Lin, and H. H. Shih, in progress. 



6 



B 








-^SU{3)inv//^Af 


-^SU(3)brcaking/^JV 


P 


bi/3 + 62 + ai + «2 + ("3 + a4)/3 - 




2.793 ± 0.000 


2.29 


2.793 


n 


-261/3 -2(a3 + 04)73 -/?i/3 




-1.91 ±0.000 


-1.48 


-1.969 


A 


-61/3- 804/9 -/3i/3 




-0.613 ±0.004 


-0.74 


-0.604 


S+ 


61/3 + 62-A/3 




2.458 ±0.010 


2.28 


2.481 


SO 


5i/3-/3i/3 






0.74 


0.66 


s- 


6i/3-62-/?i/3 




-1.160 ±0.025 


-0.80 


-1.155 


HO 


-261/3 + 2(03 -a4)/3-/?i/3 




-1.250 ±0.014 


-1.48 


-1.274 




61/3 - 62 + ai - 02 - (03 - a4)/3 - 


/3i/3 


-0.6507 ±0.0025 


-0.80 


-0.6507 


SO -A 


bi/V3 




±1.61 ±0.08 


1.28 


1.541 



Table 1: Magnetic moments of the octet baryons, and transition moment for EO — > A ± 7, 
with hnear SU{3) breaking corrections. The first column contains our predictions, with 
the constants bi from Eq. (0), and the constants aj,/5i from Eqs. and @. The second 
column contains the experimental values from Ref. 0, and the third the fitted values in 
the SU{3) symmetry limit. Finally, the fourth column contains the fitted values based on 
our symmetry prediction in column one. In units of GeV~^ we find bi = 1.42, 62 = 0.97, 
ai = 0.32, 02 = —0.14, 0:3 = 0.28, 04 = —0.31, and Pi = 0.36. The average deviation of the 
predicted values from the observed is 1.5 %, while in the SU{3) symmetric fit (see column 
three) this deviation is 20 %. We didn't weight the deviation of each fit value from the 
experimental value by the experimental standard deviation since the expected theoretical 
error is generally much larger than the experimental error bar. 
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